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Abstract 
This thesis describes a "photolithography-free" method to fabricate PDMS 
(Polydimethylsiloxane)-glass capillary-Teflon tube composite microfluidic device. 
The microchannel is made of glass capillary-Teflon tube casted with PDMS. By a 
combination of glass capillary and Teflon tube, we fabricated PDMS microchannels 
with various diameters, and configuration. The fabrication process is simple and fast, 
about 2. 5 hours per device. To validate this method, we fabricated co-flow 
microfluidic device and flow-focusing device which was widely used in 
droplet-based microfluidic system. Series of stable and mono-dispersed nanoliter 
water-in-oil emulsions as well as aqueous two phase emulsion were successfully 
generated in the microfluidic device. Conditions and sizes of the emulsions were 
systematically investigated at different flow conditions. The sizes of the emulsions in 
this system range from near one hundred micrometer to one minimeter. Furthermore, 
double emulsions containing aqueous two phase system were generated in oil phase. 
The parameters of such double emulsions, including the sizes, thickness of the 
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Chapter 1. Introduction 
1.1 Introduction to microfluidics 
Microfluidics seeks to integrate high levels of wet laboratory functionality on a 
microfabricated fluidic chip, in the same way that integrated circuits have 
revolutionized computation. Technological developments in chemistry, medicine and 
biology have opened up a whole new world, due to the area of micro total analysis 
systems, also called "lab on a chip", or miniaturized analysis systems, is growing 
rapidly. 1 
More than 30 years ago, the first analytical miniaturized device fabricated on 
silicon, a gas chromatographic analyzer, was presented.^ However it was not until 
1990 that the reemergence of silicon-based analyzers took place with the presentation 
of a novel work based on miniaturized open tubular liquid chromatograph on a 
silicon wafer.3 Simultaneously, the concept of "micro total analysis system" or i^ TAS 
was proposed by Manz et al , , in which silicon chip analyzers incorporating sample 
pretreatment, separation, and detection played a fundamental role. The number of 
published papers related to |liTAS increased significantly since more research groups 
joined the efforts to develop the area] This emergence of the ^iTAS offers an exciting 
new platform for the chemical, medical and biological diagnosis. 
Then microfluidic systems were introduced, providing a powerful platform for 
biological assays.^'^ In microfluidics, small volumes of solvent, sample, and reagents 
are moved through microchannels embedded in a chip.8 Miniaturized versions of 
1 
bioassays offer many advantages, including small requirements for solvents, reagents, 
and cells, short reaction times, portability, low cost, low consumption of power, 
versatility in design, and potential for parallel operation and for integration with 
other miniaturized devices. 
By processing samples on the nanoliter or smaller scale, microfluidic 
technologies have the potential to realize high throughput and speed of analysis, 
while at the same time achieving an unprecedented economy of scale.，The vast 
majority of research work on microfluidic devices has been interested in 
biotechnology. 10 The applications of developing microfluidic systems include cell 
culture and cell handling，" clinical diagnostics,'^ immunoassays,'^ protein separation 
and analysis, DNA separation and analysis，‘斗 polymerase chain reaction and 
sequencing. 15 
The major analytical methodology of microfluidics is handling,^^ separation^^ 
and detection'^ of biological samples on-chip. To obtain the applications and the 
technologies, the basis and first step is to design and fabrication of the microfluidic 
device. The design and use of microfluidic devices is dictated by the availability of 
technology to fabricate them, modify their surfaces, and interface them with a variety 
of detection modes. For microfabrication, silicon and glass dominated the early years. 
Most of the methods used in micro total analysis device manufacturing were 
developed in the 1970s and 1980s in the silicon microprocessors industry.' To cover 
a broader range of applications for use in chemistry, new microfabrication 
procedures and materials were tested and added to the existing repertoire, including 
2 
microcontact printing,'^ employment of hydrogels,�plastics and elastomers.^''^^ 
Especially, the technique of soft lithography,^^' ^^  and the employment of 
n 
poly(dimethylsiloxane) (PDMS), in which polymer replicas are molded from a 
micromachined master, has been widely adopted. PDMS as a material for 
miniaturized bioassays has numbers advantages over silicon and glass including 
inexpensive, flexible, and optically transparent. It is impermeable to water, nontoxic 
to cells, permeable to gases, easy to be fabricated and bonded to other surfaces, 
resulting compatible with biological studies. Fabrication of PDMS structures for 
microfluidics with soft lithography methods allows rapid and reproducible 
prototyping, including primary steps of designing in a computer-aided design (CAD) 
program, printing on transparencies, and generating a master in UV-photolithography 
on a silicon wafer. For every step, complex equipments and special technologies are 
required. 
On basis of the features of miniaturized fluids in microfluidics, people developed 
simplified microfluidic device without photolithography. McQuade and co-workers 
reported a microfluidic system using common laboratory tubing and needles via a 
needle inserted halfway into the tubing. They applied this device to fabricate 
microcapsules by interfacial polymerization.^'^ Takeuchi and co-workers developed 
an axisymmetric flow focusing microfluidic device via cutting insulated optical fiber 
and the ends pulled to expose the fiber. After casting with PDMS, the fiber was 




1.2 Aqueous two phase system (ATPS) 
An aqueous two phase system (ATPS), also known as aqueous biphasic system 
(ABS) is an aqueous, liquid-liquid system. They can primarily be divided into three 
types:26 i) polymer-polymer system, ii) polymer-salt system, iii) polymer-detergent 
system. 
One type is polymer-polymer system. Most hydrophilic polymer pairs are 
incompatible in aqueous solutions yielding two coexisting phases in equilibrium with 
each other, with each of the phases containing predominantly water and one of the 
polymer types. The phase separation in polymer mixtures is due to the high 
molecular weight of the polymers combined with interaction between the segments 
of the polymer.27 The driving force for the demixing process in 
polymer-polymer-solvent systems is the enthalpy associated with the interactions of 
the components which is opposed by the loss in entropy associated with the 
segregation of the components during phase separation. 
Another type is polymer-salt system. Both the type and the concentration of the 
salt can affect the phase behavior. Often, a sufficiently high concentration of salt in a 
single polymer-water system can induce phase separation to yield a salt-rich, 
polymer-poor bottom phase which coexists with salt-poor, polymer-rich top phase.27’ 
29’ The relative effectiveness of various salts in promoting phase separation is 
considered to follow the Hofmeister series, which is a classification of ions based on 
their salting-out ability.^' The mechanisms through which salts influence the phase • -
separation of aqueous polymer solutions remain poorly understood. 
4 
A third type of aqueous two phase system is formed by certain types of polymers 
(e.g., ethylene oxide-propylene oxide copolymers) and detergents (e.g., 
polyoxyethylene detergents). This system processes phase separation in an aqueous 
solution above a critical temperature (lower critical solution temperature, LCST) to 
yield a polymer-detergent rich phase and water phase. One of the models describes 
the "thermoresponsive" behavior as being a result of increased hydrophobicity of the 
polymer chain at elevated temperatures 
Both polymer-polymer and polymer-salt ATPS have advantages over normal 
water-organic solvent systems for bioseparations. Due to both phases consist of water, 
aqueous two phase systems form a gentle environment for biomaterials.^^ The 
interfacial tension is very low, between 0.0001 and 0.1 dyne/cm compared with 1-20 
dyne/cm for conventional water-organic solvent systems, which creates a high 
interfacial contact area of the dispersed phases and thus an efficient mass transfer. 
What is more, it is known that the polymers have a stabilizing influence on the 
particle structures and the biological a c t i v i t i e s ? 
The potential of both polymer-polymer and polymer-salt systems was first 
realized by a Swedish biochemist, P-A. Albertsson for separations of cells, cell 
particles, and p r o t e i n s . T h e principle of separation in a two phase system is the 
selective distribution of substances between the two phases.^^ Aqueous two phase 
systems are easy to use, involving two unit operations-equilibration and phase 
separation. The phase separation is related with the difference in the densities of the 
« 
two phase (rather low, about 0.05 to 0.15 g/cm^)^^ and their viscosities.]� 
5 
The most powerful application of ATPS has been its ability to fractionate cells 
into subpopulations, to probe the charge and hydrophobic surface properties of cells, 
and to trace cell surface alterations, which occur as a result of both normal and 
abnormal in vivo processes and also due to in vitro treatments.^®' ^^  The information 
obtained has been unique and invaluable for research in biochemistry and 
biomedicine. ATPS provides a technically simple, easily scalable, energy-efficient 
and mild separation technique for product recovery in biotechnology. It has shown 
potential for improving the productivity of biotechnological -processes by creating 
integration of product removal with that of bioconversion, a concept known as 
extractive bioconversion."^® What is more, ATPS have advantage of being non-toxic 
and nonflammable. 
A common system of ATPS is PEG (polyethyleneglycol)-salt system. Besides 
the application of normal ATPS being extended beyond the biotechnology 
separations to include other industrial separations and waste remediations, PEG 
based ATPS can be tuned to match the hydrophobicity and water content of a number 
of organic solvents?^ For large-scale application such as protein recovery with 
extractive cell debris removal, the chemical costs become the dominant cost factor. 
Hence, the use of inexpensive phase components has been considered essential and 
PEG-salt systems are favor choices for industrial use. These systems also have the 




An emulsion is a mixture of two immiscible liquids, where one liquid is 
dispersed in the form of small drops in another liquid which forms a continuous 
phase.27，28’30，4i Common types of emulsions include oil in water (o/w), like milk, 
and water in oil (w/o), like butter. 
Emulsions have many important industrial applications such as macromolecular 
de l ive ry ,42-45 oil recovery,46，47 food processing,48’ 49 hazardous material handling,^^ 
and biomedical engineering.^' Drop breakup using shear or impact stresses generated 
by manual or mechanical agitation is the most conventional method to make 
emulsions. However, such stresses are not uniform across the system, nor are they 
precisely and finely controlled. Emulsions generated through these ways thus consist 
of drops that are highly polydisperse in size. One important criterion in producing 
emulsions for the biomedical applications is size uniformity. To overcome this 
problem and gain better control over the size and polydispersity of the drops, various 
emulsification methods have been developed and optimized, such as membrane 
extrusion,52 viscoelastic shear,"' ^^  microchannel emulsification,^^ and microthread 
g e n e r a t i o n . 5 6 However, greater control of droplets generation still remains an 
important goal. Microfluidic devices provide an alternate and versatile route to form 
emulsions. 
Besides common two phase emulsions, multiple emulsions, also known as 
double emulsion have got more and more interests. Double emulsions are complex 
» 
soft colloidal systems in which droplets of the dispersed phase contain smaller 
7 
droplets.57’ 58 Double emulsions were first described in 1925,59 and typical examples 
of double emulsion are water-in-oil-in-water (W/O/W) and oil-in-water-in-oil 
(O/W/0). These emulsions are thermodynamically stabilized by a set of surfactants. 
•’ 6 0 
These systems have been interested in various industries, including cosmetics, 
foods^' and p h a r m a c e u t i c a l s , 4 2 because of their potential controlled release of 
chemical substances initially entrapped in the internal phase. Pharmaceuticals are 
major applications studied to date using W/O/W emulsions, acting as a carrier of 
water-soluble drugs for sustained release or targetable delivery.^ "^^ "^  Other 
applications of double emulsions include biodegradable solid capsules loading 
bioactive agents such as hormones,^^ peptides^^ and o l i g o n u c l e o t i d e s ? synthesis of 
composite microspheres by suspension polymerization,^^ and the separation of 
metals69 and organic acids?® by a liquid membrane of the intermediate phase. 
Furthermore, they can be used as templates to fabricate vesicles,^' liquid crystal 
shells72 and particles?�’ 74 with different internal structure. 
A common technology to produce double emulsions is the two-step 
emulsification process7^ For W1/0/W2 emulsions, the primary W l / 0 emulsion is 
prepared through vigorous stirring or sonication. The resulted dispersion is then 
poured into the excess external aqueous phase (W2) and secondary mixing is 
processed at lower shear to prevent disruption of the prepared capsules. There are 
several problems in this method including large size distribution, poor controllability 
and reproducibility of the droplet size, and low entrapment yield. All are due to the 
turbulent shear occurring in the process. On the other hand, the membrane 
8 
emulsification technique^^' ” has been applied to generate monodisperse double 
emulsions by forcing single emulsions through porous media^^ or microfabricated 
c o m b s . 7 9 ’ 80 This process can formulate double emulsions with narrower size 
distribution and higher entrapment yield, but it is still hard to obtain good control of 
the internal droplet size, external droplet size and the number of droplets comprised 
in each capsule. What is more, the technique usually consists of two separate batch 
processes, which limits the production efficiency. 
1.4 Objective of the research 
Microfluidics has numbers advantages to generate emulsions, such as 
controllable size, monodisperse, and high-throughput. For instance, emulsions as 
well as multiple emulsions have successfully generated by using "T-junction"^' and 
25 82 
the flow-focusing method. ’ However, current microfluidic systems involve 
complicated fabrication and operation methods, which hinder the adoption of these 
technologies by individual laboratory. 
To lower the barrier of the use of microfluidic technology to generate emulsions 
in microfluidics, here we develop a simple, low cost microfabrication method to 
fabricate the PDMS-glass capillary-Teflon tube composite microfluidic device. 
Chapter 2 and 3 describe the detail fabrication procedures of the microfabrication 
method, and the generation of emulsions as well as double emulsions. 
> 
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Chapter 2. Two-Phase Emulsion 
2.1 Emulsions in microfluidic channels 
Since emulsions have many important industrial applications, to obtain greater 
control of droplets generation, microfluidic devices provide an alternate and versatile 
route to form emulsions. In contrast to bulk emulsification methods, an emulsion in a 
microfluidic device is made by precisely fabricating one drop at a time. This process 
results in a highly monodisperse emulsion, owing to the deterministic nature of 
microfluidic flows. 
For the fluid and droplets formation principle, it is known that microfluidic 
devices employ fluids with Reynolds numbers that are small enough for inertial 
effects to be irrelevant. The ratio of inertial and viscous force densities is the 
definition of Reynolds number. Re = where p is the density of the fluid, Uo 
V 
is the velocity of fluid, Lq is a typical length scale and rj is the shear viscosity. 
Reynolds numbers for common microfluidic devices can be estimated as follows. 
With water as the typical working fluid, typical velocities of 1 )j.m/s - 1 cm/s，and 
typical channel radii of 1-100 \xm, Reynolds number range between and 
(?(10). These low values of Re affirm that viscous forces typically overwhelm inertial 
forces，and the resulting flows are linear. 
So far, when two fluids are miscible: parallel streams were assumed to flow 
alongside each other, and tracers diffused freely from one stream to each other, 
surface tension y affects the dynamics of the free surface. Thorsen et al.^ ^ 
1 0 
demonstrate that microfluidic devices could be used to create controllable droplet 
emulsions in immiscible fluids, by injecting water into a stream of oil at a T-junction. 
Droplet emulsions generated by the competing stresses of surface tension and 
viscosity: surface tension acts to reduce the interfacial area, and viscous stresses act 
to extend and drag the interface downstream. These stresses destabilize the interface 
and cause droplets of radius R to form’84' 85 ^^ estimate for the size of the droplets 
and be obtained by balancing the two stresses on the interface. Capillary stresses of 
magnitude y/R balance viscous stresses r/Uo/h, giving a characteristic droplet size 
R^ — h = —. Here we have introduced the Capillary number, C^  = — a 
v^D ^CL y 
dimensionless parameter found whenever interfacial stresses compete with viscous 
stresses. The interfacial tension of ATPS is 0.0001 - 0.1 dyne/cm compared with 1-20 
dyne/cm for conventional water-organic solvent systems,^^ Once the interface tension 
of the two phase system was measured, the droplets formation conditions can be 
estimated. 
Techniques for emulsification using microfluidic devices have recently been 
reported. Nisisako and co-workers introduced a method for generating 
pico/nanoliter-sized water droplets at a T-junction while oil as the continuous 
phase.87 Significantly smaller droplets can be formed using flow focusing, either by 
increasing shear gradients or by drawing the stream into a thin "jet" that breaks up by 
Q O 
the Rayleigh-Plateau instability. The microfluidic flow-focusing devices can 
produce monodisperse droplets at a high frequency, and with the characteristic that 
the size of the droplets can be controlled by controlling the flow rates. 
11 
This strategy of forming emulsions in microfluidic channels has been used to 
study chemical reaction kinetics on millisecond time scales by injecting reactive 
chemicals together to form drops^ "^^ ^ as microreactors,^^ for chemical 
amplification,^'^ chemical and biological analysis,^^ and in developing a platform 
for protein crystallization.^^ Tens to Hundreds of crystallization trials or assays can 
be performed in the same channel inside droplets. 
Herein, this chapter describes the fabrication of a coaxial flow microfluidic 
device and its application in the preparation of emulsions. This microfluidic device 
has axisymmetric geometry and round channel, which can be served as a co-flow or 
flow-focusing device. With this microfluidic device, water in oil and aqueous two 
phase emulsions were successfully generated, respectively. 
2.2 Fabrication of the microfluidic device 
The microfabrication method consists of three steps: i) The assembly of glass 
capillary-Teflon tube; ii) the casting of PDMS polymer; iii) preparation of the PDMS 
microchannel and the fluid inlets. In step one, a segment of capillary tube (I.D. 200 
l^m, O.D. 320 |im) (Reafine Chromatography LTD., China) was inserted into two 
segments of Teflon tube ( I .D .�320 |im, O . D . � 6 7 0 |Lim) (Stranco Products. Inc.) at 
the two ends of the capillary tube. In step two, the system was casted with 1: 1 (in 
weight) mixture of PDMS precursor and curing agent (COCA, COCA-3140, 
Shenzhen) and placed at 60°C oven for about 2 hours. After curing of PDMS, in step 
three, the fluid inlet was made by drilling a hole perpendicular to the Teflon tube 
1 2 
using a drilling machine (Sanyan, Drill Press, 1 mm rotor). The PDMS microchannel 
was obtained by dragging the Teflon tube out off the PDMS patch (Figure 2.1). If we 
first pulled the Teflon tube and then drilled the hole, the capillary would easily be 
broken by the driller. All the micrographs were obtained by using microscope (Leica 
MZ16, Germany) equipped with a CCD camera (SOFT Insight, Diagnostic 
Instruments). 
teflon tube glass capillary 
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Figure 2.1 Left: Illustration of the fabrication of the PDMS-Glass Capillary-Teflon Tube composite 
co-flow device. A segment of capillary was inserted into Teflon tube and the whole was embedded in 
PDMS. After curing, a hole perpendicular with the Teflon tube was drilled by a driller machine and 
the Teflon tube at the hole side was pulled from the PDMS, resulting this device with round channel. 
Right: Corresponding photographs of the fabrication process. Scale bar: 1 mm 
_ -
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Figure 2.2 Photograph of the device (a) and the cross-section of the round channel with diameter of 
about 650 ^m (b). 
The diameter of the cross-section of the channel is about 0.65-0.70 mm, due to 
the dimension of the Teflon tube (Figure 2.2b). Since the O.D. of the capillary was 
matched the I.D. of the Teflon tube, the final capillary was co-axis with the PDMS 
round channel, resulting a coaxial flow device and no excess alignment was needed. 
Microfluidic devices for making droplets that have been described to date are 
based on quasi-two-dimensional (2D), planar channels and are usually fabricated in 
PDMS.88 Two-dimensional microfluidic devices have the advantages of ease of 
fabrication and visualization. However, they have two significant drawbacks: i) the 
discontinuous phase contacts with the walls of the channel, which limits the fluids 
that can be used to generate droplets, and ii) leaking can occur at the interface 
between the layers of PDMS used to fabricate the device at high flow rates and 
pressures.98 Comparing this co-flow device with normal fabrication of PDMS device 
with soft-lithography，99 complex and expensive instruments for example, a clean 
room environment or specialized photolithographic tools like mercury light for 
fabrication mold were not necessary with this method. In addition, special 
1 4 
technologies were also not necessary in the fabrication process and the cross-section 
of the channel is round, which is not easy to achieve in common soft-lithography 
technology. Compared with McQuade's a needle inserted halfway into the tubing 
microfluidic sys tem,our method is more stable due to the coaxial structure of glass 
capillary fixed in PDMS channel. At the same time, this device is simple, cheap, easy 
to fabricate, especially can be extended to non-microfluidic background labs. 
2.3 Generation of water-in-oil emulsion 
2.3.1 Generation of water-in-oil emulsion 
Generation of water in oil droplets was processed with DI water and silicone oil 
50 (viscosity 47.9 cp, 25°C) (Brookfield). DI water was injected from the capillary; 
silicone oil 50 was injected at the drilled hole through Teflon tube. All the flows were 
processed by syringe pumps (PHD2000, Harvard). Emulsions are formed by shearing 
one liquid (DI water) into a second immiscible one (silicone oil 5 0 ) . • (Figure 2.3 
and 2.4) For cross-flow devices, like T-junction,�* droplet formation is achieved by 
high shear forces generated at the leading edge of the water perpendicular to the oil 
flow, generating picoliter-scale droplets. For this co-flow device, the flows of water 
and oil are coaxial (Figure 2.3). Although the system remains at low Reynolds 
number, the flow is nonlinear because of interactions on the boundary between the 
two fluids. The two important effects are that the boundary is not static and that the 
motion of one fluid can entrain the o t h e r . T h e resulting instability that drives 
» 
droplet formation is a well known competition between surface tension and shear 
1 5 
forces .86 
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cross-section view 
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Figure 2.3 Illustration of the generation of droplets in the co-flow device. One phase was injected 
from capillary and the other phase (immiscible liquid) was injected from the drilled hole as a 
continuous phase to generate droplets (top). Cross-section of convenient formation of droplets in 
quadrate channel and round channel of the device described in this thesis (bottom). 
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Figure 2.4 Photograph of the droplets (DI water in silicone oil 50) formation. Flow rates: top, 
silicone oil 5.0 fxL/min, DI water 1.0 jtiL/min; bottom, silicone oil 50 15.0 fiL/min, DI water 3.0 
fjL/min. 
2.3.2 Formation conditions of water in oil emulsions 
• ** 
In the experiment, the formation conditions of water in oil emulsion were 
1 6 
investigated at different flow rates of oil and DI water. There was no surface 
modification of the PDMS microchannel. 
To evaluate the effects of flow rates on the formation of water in oil emulsion, 
we characterized the dimension of droplets, and the distance between two droplets. 
The characteristics of the droplets could be affected by the flow rates of the two 
phases, the dimension of the device, and the architecture of the channel and so on. 
Firstly, the dimension of the droplets (Figure 2.5) and the distance between each 
droplet (Figure 2.6) were studied. The flow rate of DI water was fixed at 1.0 fiL/min 
0.53 mm/s) and the flow rate of silicone oil 50 was adjusted from 1.0 fiL/min ( � 
0.047 mm/s) to 20.0 |LiL/min 0.95 mm/s). The size of the droplets and the distance 
between each droplet were measured by software ImageJ. All of the data was 
obtained by an average of 4 measurements and the standard deviations were less than 
0.03.. From Figure 2.5a, the size of droplets dramatically decreased as the increase of 
the ratio of flow rates of oil and water. This is because when the ratio of flow rates of 
oil and water increased, the shear force increased. According to the relationship 
between the droplet size and the flow velocity of the continuous phase �~^/i，iog 
we plotted the curve of diameter of the droplet versus the inverse of flow velocity of 
the continuous phase (Figure 2.5b). The dots fit a line well, which confirms to the 
equation. Figure 2.6 tells us that the distance between each droplet was linear with 
the ratio of flow rates of oil and water. This due to the distance between each droplet 
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Figure 2.5 The size of the droplets affected with the ratio of the flow rates of silicone oil 50 and DI 
water (a) and with the inverse of the flow rate of oil phase (b). The flow rate of DI water was fixed at 
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Figure 2.6 The distance between each droplet affected with the ratio of the flow rates of silicone oil 
50 and DI water. The flow rate of DI water was fixed at 1.0 |iL/min and the flow rate of silicone oil 50 
was adjusted from 1.0 fiL/min to 20.0 f^L/min. 
Then, the size of the droplets (Figure 2.7 & 2.9) and the distance between each 
droplet (Figure 2.8 & 2.10) affected with the total flow rate of oil and water were 
studied. The value of x axis corresponded to the summation of flow rates of oil and 
water. For Figure 2.7 & 2.8, the ratio of flow rates of oil and water was fixed at 5; for 
Figure 2.9 & 2.10, the ratio of flow rates of oil and water was fixed at 10. The size of 
droplets slightly decreased by 18% as the total flow rates increased (Figure 2,7 & 
2.9)，indicating that droplet size was affected slightly by the change of the flow rates 
when the ratio of flow rates of the two phases was constant. Different from droplet 
size, the distance between each droplet fluctuated in a narrow region and the standard 
deviation were 0.12 (Figure 2.8) and 0.15 (Figure 2.10), respectively, also indicating 
that when the ratio of flow rates of the two phases was constant, the distance between 
each droplet was affected slightly with the change of the flow rates. Thus, the droplet 
size and the distance between each droplet can be controlled by varying the ratio of 
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the flow rates of oil and water. 
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Figure 2.7 The size of the droplets affected with total flow rates of silicone oil 50 and DI water. The 
ratio of flow rate of silicone oil 50 and DI water was fixed at 5. The flow rate of DI water was 
adjusted from 0.1 |aL/min to 4.0 fiL/min and the flow rate of silicone oil 50 was accordingly adjusted 
from 0.5 fxL/min to 20.0 |aL/min. 
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Figure 2.8 The distance between each droplet affected with total flow rates of silicone oil 50 and DI 
water. The ratio of flow rate of silicone oil 50 and DI water was fixed at 5. The flow rate of DI water 
was adjusted from 0.1 fiL/min to 4.0 jiiL/min and the flow rate of silicone oil 50 was accordingly 
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Figure 2.9 The size of the droplets affected with total flow rates of silicone oil 50 and DI water. The 
ratio of flow rate of silicone oil 50 and DI water was fixed at 10. The flow rate of DI water was 
adjusted from 0.1 |iL/min to 2.0 |iL/min and the flow rate of silicone oil 50 was accordingly adjusted 
from l.p |j,L/min to 20.0 |iL/min. 
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Figure 2.10 The distance between each droplet affected with total flow rates of silicone oil 50 and 
DI water. The ratio of flow rate of silicone oil 50 and DI water was fixed at 10. The flow rate of DI 
water was adjusted from 0.1 |xL/min to 2.0 jiL/min and the flow rate of silicone oil 50 was 
accordingly adjusted from 1.0 |aL/min to 20.0 |iL/min. 
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2.4 Generation of emulsion with aqueous two phase system 
2.4.1 Introduction and application of emulsions of ATPS 
Since emulsions have been wildly used in food, pharmacy and bioassays; ATPS 
have graceful characteristics like low interface tension, gentle environment and 
organic solvent free as well as critical application in bioassays, emulsions of ATPS 
have obtained added attention and been studied and reported more than previous 
recently. Poortinga reported a way of producing microcapsules consisting of a shell 
of aggregated colloids using aqueous phase-separated polymer solutions 
(water-in-water emulsions) as a t empla t e .Kea t ing and co-workers reported the 
encapsulation of an aqueous two-phase system within giant unilamellar vesicles and 
observation of the phase s e p a r a t i o n . 
For polymer-salt ATPS, the multivalent anions like S04^" and COi^' are most 
effective in inducing phase separation with polyethyleneglycol (PEG). A qualitative 
explanation for phase separation in PEG-salt-water systems relates the observed 
behavior to the degree to which substitution of water-cation hydration associations 
occurs by PEG ether oxygen-cation interactions. Salts with small multivalent anions 
of high charge density are constrained from such interactions with the polymer chain 
leading to the presence of salt-depleted zones about the polymers and consequent 
phase formation.29，i05 
Since several drawbacks of water in oil emulsions: the use of organic solvents 
does not allow sensitive ingredients such as cells, DNA and proteins to be used; the 
• -
large interfacial tension could destroy these bimolecular; the use of organic solvents 
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can cause environmental problems, we studied the generation of emulsions of ATPS 
in the PDMS - glass capillary - Teflon tube composite microfluidic device. PEG8000 
-NaiCOs system was used as an example. 
Table 2.1 Compositions and physical properties of sodium carbonate 
(Na2CO3)-PEG8Q0Q systems'^^ 
PEG / (mass o/o) 11.7 19.0 8.8 10.3 
Total 
salt/(mass %) 5.6 6.0 12.1 14.3 
system 
water/(mass %) 82.7 75.0 79.1 75.5 
PEG / (mass o/o) 25.9 34.9 " 42.9 48.0 
salt / (mass o/o) 2.2 2.1 0.8 0.1 
Top phase water / (mass %) 71.9 63.0 56.3 51.8 
viscosity / (mPa s) 32.5 85.0 167 267 
denstity / (g/cm^) 1.0639 1.0725 1.0814 1.0871 
PEG / (mass o/o) 0.5 0.5 0.5 0.3 
salt / (mass %) 8.5 11.7 15.0 18.1 
Bottom 
water / (mass %) 91.1 87.8 84.5 81.6 
phase 
viscosity / (mPa s) 1.4 1.7 2.1 2.5 
denstity / (g/cm^) 1.0842 1.1163 1.1472 1.1744 
Note： 11.7% PEG 8000 (International Laboratory, USA) with 5.6% NaaCOj (Riedel-de Haen) total 
system was used in the experiment. The finally measured viscosity of top phase (PEG phase) was 29.2 
mPa s and of bottom phase (NazCO; phase) was 1.6 mPa s with Ubbelohde viscometers 
2.4.2 Generation of emulsion with aqueous two phase system 
The forming of aqueous two phase emulsion was processed with sodium 
carbonate (Na2C03)-PEG8000 aqueous two phase system (Table 2.1). Bottom phase 
(Na2C03 phase) was injected from the glass capillary; top phase (PEG8000 phase) 
• -
was injected at the drilled hole from Teflon tube. All of the flows were processed 
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with syringe pump. Emulsions are formed by shearing Na2C03 phase into PEG8000 
phase (Figure 2.11). The driving force of droplet formation is a well known 
8A .iig 
competition between surface tension and shear forces. The dimensionless parameter 
capillary number and its influence to droplet size R ' ^ - ^ h = ^ can also be applied 
to this system. 100 
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Figure 2.11 photograph of droplets formation (NazCO� in PEG). Flow rate: top, inner NazCO� phase 
1.0 |LiL/min, outer PEG phase 3.0 |iL/min; bottom, inner NazCO� phase 0.5 fiL/min, outer PEG phase 
2.5 |iiL/min 
2.4.3 Forming conditions of ATPS emulsions 
Similar with previous water-organic system, the droplet formation conditions of 
ATPS were studied by characterizing the size of the droplets, and the distance 
between each droplet. The characteristics of the droplets were affected by the flow 
rates of the two phases, the dimension of the device, and the architecture of the 
channel. NazCO; in PEG droplets were formed stably without any further surface 
modification of PDMS or surfactant and different flow rates of PEG phase and 
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Na2C03 phase were tried. Firstly, the dimension of the droplets (Figure 2.12) and the 
distance between each droplet (Figure 2.13) affected with ratio of flow rates of PEG 
and NaiCOs phase were studied. The flow rate of Na2C03 phase was fixed at 1.0 
|LiL/min ( � 0 . 5 3 mm/s) and the flow rate of PEG phase was adjusted from 1.0 pL/min 
( � 0 . 0 4 7 mm/s) to 20.0 |j,L/min ( � 0 . 9 5 mm/s). The size of the droplets and the 
distance between each droplet were measured by software ImageJ. All of the data 
was obtained by an average of 4 measurements and the standard deviations were less 
than 0.03. As observed in Figure 2.11, the geometry of emulsions is not a perfect 
sphere, which results error in the measurement. The size of droplets dramatically 
decreased when the ratio of flow rates of PEG and Na2C03 phases increased (Figure 
2.12a) due to the increasing of the shear force. We plotted the curve of diameter of 
droplets versus the inverse of flow velocity of PEG phase as well (Figure 2.12b). As 
we predicted, dots fitted a line, which agreed with the equation on the drop size. The 
distance between each droplet was liner with the ratio of flow rates of PEG and 
NaiCOs at initial, and then was constant (Figure 2.13). This result is a little different 
from the water-organic system, due to the very low interface tension of the ATPS and 
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F i g u r e 2 . 1 2 The size of the droplets affected with the ratio of the flow rates of PEG phase and 
Na2C03 phase (a) and the inverse of the flow velocity of PEG phase (b). The flow rate of NazCO� 
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Figure 2.13 The distance between each droplet affected with the ratio of the flow rates of PEG 
phase and NasCO� phase. The flow rate ofNasCOs phase was fixed at 1.0 nL/min and the flow rate of 
PEG phase was adjusted from 1.0 |iL/min to 20.0 |iL/min. 
Then, the dimension of the droplets (Figure 2.14 & 2.16) and the distance 
between each droplet (Figure 2.15 & 2.17) affected with the total flow rates of PEG 
phase and NaaCOs phase were studied. The value of x axis corresponded to the 
summation of flow rates of PEG phase and Na2C03 phase. For Figure 2.14 & 2.15, 
the ratio of flow rates of PEG phase and Na2C03 phase was fixed at 5; for Figure 
2.16 & 2.17, the ratio of flow rates of PEG phase and NaiCOs phase was fixed at 10. 
The size of droplets decreased 38% (Figure 2.14) and 40% (Figure 2.16) when the 
total flow rates increased, which are larger than 18% of DI water—silicone oil 50 
common water-organic systems. The distance between each droplet obvious 
decreased when the total flow rates increased compared with silicone oil 50-DI water 
system (Figure 2.15 & 2.17). The reasons caused this phenomenon are not known 
cleanly, but a probable reason may be contributed to the very low interfacial tension 
2 7 
of the Na2C03—PEG system thus not as stable as the common water-organic system. 
Even now, the droplet size and the distance between each droplet can also be 
controlled with the flow rates of the two phases. 
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Figure 2 . 1 4 The size of the droplets affected with the total flow rates of PEG phase and NajCOs 
phase. The ratio of flow rate of PEG phase and NasCOs phase was fixed at 5. The flow rate of NazCOs 
phase was adjusted from 0.1 |iL/min to 4.0 |iL/min and the flow rate of PEG phase was accordingly 
adjusted from 0.5 |iL/min to 20.0 fiL/min. 
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Figure 2.15 The distance between each droplet affected with the total flow rates of PEG phase and 
Na2C03 phase. The ratio of flow rate of PEG phase and NazCOs phase was fixed at 5. The flow rate of 
Na2C03 phase was adjusted from 0.1 jtiL/min to 4.0 |iL/min and the flow rate of PEG phase was 
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Figure 2.16 The size of the droplets affected with the total flow rates of PEG phase and NaaCO) 
phase. The ratio of flow rate of PEG phase and NaaCOs phase was fixed at 10. The flow rate of 
Na2C03 phase was adjusted from 0.1 ^iL/min to 2.0 fiL/min and the flow rate of PEG phase was 
accordingly adjusted from 1.0 fiL/min to 20.0 fiL/min. 
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Figure 2.17 The distance between each droplet affected with the total flow rates of PEG phase and 
Na2C03 phase. The ratio of flow rate of PEG phase and NazCO� phase was fixed at 10. The flow rate 
of Na2C03 phase was adjusted from 0.1 ^iL/min to 2.0 |iL/min and the flow rate of PEG phase was 
accordingly adjusted from 1.0 |iL/min to 20 |iL/min. 
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2.5 Generation of emulsions with flow focusing device 
2.5.1 Fabrication of the flow-focusing device 
Significantly smaller droplets can be generated using flow-focusing device, 
either by increasing shear gradients or by drawing the stream into a thin "jet" that 
n n 
breaks up by the Rayleigh-Plateau instability. Usually, for flow-focusing geometry, 
a small orifice is located downstream and one liquid is surrounded with a second 
immiscible liquid. The outer fluid exerts pressure and viscous stresses that forces the 
inner fluid into a narrow thread, which then breaks inside or downstream of the 
orifice. The drop size is a function of flow rates and the flow rate ratios of the two 
liquids. The ability of the external fluid to form narrow threads of the inner fluid 
allows formation of monodisperse droplets with diameter much smaller than the 
orifice width. So drop formation with this configuration offers interesting 
possibilities for designing emulsions. 
By a little alteration of the previous coaxial device, a novel flow focusing 
microfluidic device was fabricated with a segment of Teflon tube. After the 
fabrication of coaxial device, one segment of Teflon tube was pushed back to the 
channel, which was fixed near the tip of the capillary, resulting a flow focusing 
device (Figure 2.18). In this case, the segment of Teflon tube serves as a small orifice 
downstream (Figure 2.19). 
e^ H® 
Figure 2.18 Illustration of the flow focusing device 30 
Teflon tube 一 
JWWPTv 錄. 
Figure 2.19 Photograph of the flow focusing device. One segment of Teflon tube was pushed back 
to the channel and fixed near the tip of the capillary. 
2.5.2 Generation of emulsions 
The forming emulsion was processed also with ATPS of sodium carbonate 
(Na2C03)-PEG8000 (Table 2.1). Bottom phase (NaiCOs phase) was injected from 
the capillary; top phase (PEG8000 phase) was injected form the drilled hole. The 
outer PEG fluid exerts pressure and viscous stresses that forces the inner Na2C03 
fluid into a narrow thread, which then breaks inside the orifice of the Teflon tube. 
Comparing the generation of emulsions between flow focusing device and co-flow 
device, the size of the droplets dramatically decreased (Figure 2.19). Since the 
adding of the Teflon tube decreased the diameter of the channel and increased the 
linear velocity of PEG phase and then the shear force. The linear velocity of the 
Na2C03 phase is � 0 . 1 1 mm/s (0.2 |aL/min) and � 0 . 5 3 mm/s (1.0 |jL/min). For 
co-flow device, the linear velocity of the PEG phase is ~ 0.095 mm/s (2.0 pL/min). 
For flow focusing device, the linear velocity of the PEG phase is ~ 0.41 mm/s (2.0 
p-L/min). 
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Figure 2.20 Micrographs of the NazCCVPEG aqueous two phase emulsions generated in the flow 
focusing microfluidic device. Emulsions generated in flow focusing device (a, b) and co-flow device 
(d) with flow rates of NazCO? pahse 0.2 |iL/min and PEG phase 2.0 |iL/min. emulsions generated in 
flow focusing device (c) and co-flow device (e) with flow rates ofNazCO? phase 1.0 }iL/min and PEG 
phase 2.0 ^iL/min. Scale bar: 500 |am 
2.5.3 Results and discussion 
Generation of NazCOs-PEG aqueous two phase emulsions versus the ratio of the 
flow rates of the two phases were studied (Figure 2.21). The flow rate of NazCO; 
phase was fixed at 1.0 |aL/min and the flow rates of PEG phase were 1.0 |^L/min (a), 
2.0 fiL/min (b), 3.0 ^iL/min (c), 5.0 |aL/min (d)，10.0 \iL/mm (e) and 20.0 ^iL/min (f). 
Since the adding of the Teflon tube decreased the diameter of the channel and 
increased the linear velocity of PEG phase and thus the shear force. The size of the 
droplets dramatically decreased (Figure 2.20) in every flow rate comparing with 
co-flow device. Then the structure of the flow-focusing device, which is the distance 
between the tip of the capillary and the Teflon tube was studied (Figure 2.22). The 
flow rates of NaiCOs phase and PEG phase were fixed at 1.0 pL/min and 5.0 |j,L/min. 
As long as emulsions were generated in Teflon tube, there were no obvious 
m 
differences with virous interval of the capillary and teflon tube. To the contrary, when 
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emulsions were generated out of teflon tube and in the PDMS round channel, it is 
co-flow condition ranther thant flow focusing condition, resulting obvious larger 
droplets. 
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Figure 2 . 2 1 Micrographs of the generation of NaaCO^-PEG aqueous two phase emulsions affected 
with the ratio of the flow rates of the two phases. The flow rate of NazCOs phase was fixed at 1.0 
|iL/min and the flow rates of PEG phase were 1.0 fiL/min (a), 2.0 ^L/min (b), 3.0 |iL/min (c), 5.0 
|LiL/min (d), 10.0 i^L/min (e) and 20.0 fiL/min (f). 
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Figure 2.22 Micrographs of the generation of NaaCOs-PEG aqueous two phase emulsions affected 
with the distance between the Teflon tube and the tip of the capillay. The flow rate of NazCOs phase 
and PEG phase were fixed at 1.0 juL/min and 5.0 fiL/min. Scale bar: 500 |am. 
2.6 Conclusion 
2.6.1 Generation of emulsions with coaxial device 
In conclusion, this chapter presented a microfluidic device, made of glass 
capillary embedded in Teflon tube. After casting with PDMS and pulling one 
segment of Teflon tube, PDMS-glass capillary coaxial device with round channel 
was fabricated. Then, this device was applied to generate water-in-oil and 
NaiCOa-PEG aqueous two phase emulsions. The forming conditions of emulsions 
‘ were investigated in this co-flow device. The droplet size and the distance between 
each droplet can be controlled by varying the ratio of the flow rates. 
2.6.2 Generation of emulsions with flow focusing device 
A flow focusing microfluidic device was then fabricated simply with a segment 
of Teflon tube. After the fabrication of coaxial device, one segment of Teflon tube 
was pushed back to the channel, Which was fixed near the tip of the capillary, 
resulting a flow focusing device. The forming conditions of aqueous two phase 
emulsions were investigated in this flow focusing device. The primary feature of this 
flow-focusing device is that the size of the generated droplets can dramatically 
decrease when droplets breakup in the focus part Teflon tube, offering desigh of 
emulsions." 
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Chapter 3. Double Emulsion 
3.1 Double emulsion in microfluidic channels 
As previous introduced, double emulsions are highly structured fluids consisting 
of emulsion drops that contain smaller droplets inside and have potential applications 
in food science, 1 cosmet ics ,�and pharmaceutics.42 To generate double emulsions, 
techniques were developed and microfluidic technologies appeared large attention. 
Since microfluidics has natural feature and advantages of operate small volumes of 
sample, people tried to generate controllable double emulsions including the size of 
the inner and outer emulsions, the number of emulsions encapsulated and the 
component of the inner structure. Nisisako et al. reported a microfluidic device 
having both hydrophobic and hydrophilic components for production of 
multiple-phase emulsions. Two T-junction devices were combined to realize 
Q 1 
two-Stage emulsification. Weitz and co-workers described a glass capillary fluidic 
device that generates double emulsions in a single step, allowing precision control of 
the outer and inner drop sizes as well as the number of droplets encapsulated in each 
larger drop. However, these methods needed localized surface modification or 
needed complex device setup. 
Here, this chapter describes a new method to fabricate W/W/0 double emulsions 
with a little alteration of the previous PDMS—glass capillary-Teflon tube composite 
microfluidic device with the help of Teflon tube. (Figure 3.1) 
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Figure 3 .1 photograph of the device for generation double emulsions. 
3.2 Fabrication of the microfluidic device 
The device was fabricated similar to the previous coaxial device (Figure 2,1). 
After the fabrication, two segments of Teflon tube was pushed back to the channel. 
The first segment was fixed near the tip of the capillary and the second was fixed 
near the first one. Then a hole was drilled between the two segments (Figure 3.2 and 
3.3 a). 
Figure 3 . 2 Illustration of generation of double emulsions with two-step emulsification. 
3.3 Generation of double emulsion 
The forming W/W/0 double emulsions were processed with sodium carbonate 
(Na2C03)-PEG8000 aqueous two phase system and silicone oil 50. NazCOs phase 
» *  
was injected from the capillary; PEG8000 phase was injected form the left hole and 
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silicone oil 50 was injected from the right hole connected with Teflon tube. All of the 
flows were processed by syringe pump. Emulsions are formed by two-step 
emulsification. Primary NaaCO� phase in PEG8000 phase emulsion was generated 
and then the two phases were sheared with silicone oil 50 to create 
Na2C03/PEG8000/silicone oil 50 double emulsions (Figure 3.3). Every step of the 
emulsification can be explained by the competition of interface tension and the 
viscosity force. 
謎 � O j f t i m ^ 
Figure 3.3 Micrographs of the double emulsions generated in the microfluidic device. The entire 
microfluidic device (a) can be divided into three major zones, zone 1 (b), zone 2 (c), zone 3 (d). 
Aqueous two phase emulsions were generated in zone 1. In zone 2, double emulsions were formed by 
injecting the aqueous two phase emlution into a silicone oil flow. Sperical double emlutions were 
obtained in zone 3. 
3.4 Results and discussion 
Arrays of spherical double emulsions were obtained in the microchannels 
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(Figure 3.4). The inner phase of the double emulsion was NaaCO], while the middle 
layer was PEG phase, and the outer fluid was silicone oil 50. As shown in the figure, 
the inner phase was located in the center of the double emulsion. The thickness of the 
middle layer can be controlled by varying the flow ratios between the aqueous two 
phases. As the increase of the ratio of Na2C03 phase from 0.2 to 3.0 )iL/min, the 
thickness of PEG phase decreased from 140 to � 4 5 jiim (Figure 3.7). 
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Figure 3.4 Photograph of double emulsion with different ratio of flow rates of inner NazCO� phase 
to outer PEG phase. The flow rates of PEG phase and silicone oil 50 were fixed at 1 fiL/min and 5 




Figure 3.5 Photograph of double emulsion with different flow rates of silicone oil 50. The flow rates 
of Na2C03 and PEG phase were fixed at 1 jiiL/min. The flow rates of silicone oil 50 was 2.5 (a), 5 (b), 
10(c) and 20 (d) ^L/min 
The inner and outer emulsions are assumed to be spherical, then Vi/V�can be 
calculated by (Diameter of inner emulsion) ^ / (Diameter of outer emulsions-diameter 
of inner emulsion^). Curve of Vi/Vo versus ratio of flow rates of inner NaiCOs phase 
and middle PEG phase was plotted in Figure 3.6. These dot should be on the line of 
y=x, but they depart from the line at the large ratios, which could be contributed to 
the emulsions did not appear spherical, but ellipsoidal, when emulsions were larger. 
In this case, error could be large in the calculation of Vj/V�. Under the same 
assumption, the thickness of the middle layer was calculated by (Diameter of outer 
emulsion-diameter of inner emulsion). The thickness decreased with the increasing 
of the ratio of flow rates of NazCOs phase to PEG phase (Figure 3.7), indicating the 
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thickness of the middle layer can be controlled with the ratio of flow rates of inner 
and middle phases. Vj/Vo and the thickness of middle layer versus ratio of flow rates 
of outer oil phase were investigated as well (Figure 3.8 & 3.9). The value of Vi/V� 
should be constant with the fixed flow rates of inner and middle phases, however, 
they changed slightly. The thickness of middle layer decreased. Error may come from 
the fact that these emulsions did not spherical, but ellipsoidal. 
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Figure 3.6 Ratio of volume of inner emulsion (NazCO� phase) to outer emulsion (PEG phase) versus 
ratio of flow rates of inner NazCO� phase to middle PEG phase. The flow rates of PEG phase and 
silicone oil 50 were fixed at 1 |aL/min and 5 jiiL/min. The flow rate of NazCO� phase was adjusted 
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F i g u r e 3 . 7 Thickness of the outer emulsion (PEG phase) versus ratio of flow rates of inner NazCO; 
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Figure 3.9 Thickness of the outer emulsion (PEG phase) versus flow rates of silicone oil 50. The 
flow rates of NasCOs and PEG phase were fixed at 1 |iL/min. The flow rate of silicone oil 50 was 2.5, 
5, 10 and 20 )j.L/min. 
3.5 Conclusion 
To summary, a simple novel method was presented to fabricate W/W/0 double 
emulsions with a little alteration of the previous coaxial device by pushing two 
segments of Teflon tube back to the channel. The first segment was fixed near the tip 
of the capillary and the second was fix near the first one. Then a hole drilled between 
the two segments. With this device, double emulsions containing aqueous two phase 
emulsion were generated in an oil phase. The sizes and the thickness of the middle 
layer of the double emulsion were controlled by adjusting the flow rates of the three 
phase flows. 
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Chapter 4. Conclusion 
4.1 Microfluidic device 
A simple low-cost microfabrication method for microfluidic device was 
described in this thesis. With this method, PDMS-glass capillary-Teflon tube 
composite microfluidic device was fabricated. There are several advantages of this 
microfabrication method, including, (i) simple principle, the technology is easy for 
everyone to fabricate the device; (ii) no special equipments, just common laboratory 
tubing, glass capillary and PDMS are needed; (iii) fast fabrication process, it costs 
about 2.5 hours to fabricate one device; (iv) round shape of the cross section of the 
microchannel and useful in study the fluid physics. The drawback is that it is difficult 
to fabricate device with complex structure compared with soft-lithography method. 
However, it is still easy to alter the architecture of the device to satisfy the requests 
of experiment, for example, from coaxial device to flow focusing device. These 
advantages make the current microfabrication method much easier to be adopted by 
non-microfluidic background labs. Furthermore, the use of Teflon tube/glass 
capillary hybrid has the advantage of enhancing the solvent resistance of the PDMS 
elastomers. 
4.2 Two phase emulsion 
.Array of. water in oil emulsions and aqueous two phase emulsions were 
continuously generated by using the current microfluidic device. The size and 
4 3 
interval can be controlled by the flow rates of the two phases. The rate of emulsion 
generation can also be controlled and the emulsions can be labeled and traced. Due to 
these features, these emulsions have potential of serving as ideal templates for 
generating well-defined particles, nanoliter reactors and high throughput screening. 
Especially, the emulsion of aqueous two phase system is a gentle, environmental 
friendly medium for bioassay. 
4.3 Double emulsion 
With this novel, facile microfluidic devices presented in this thesis, double 
emulsions containing aqueous two phase emulsion were generated in an oil phase. 
The sizes as well as the thickness of the double emulsion were controlled by 
adjusting the flow rates of the three phase flows. Thickness of the double emulsion 
was controlled by adjusting the flow rates of the three phase flows. Double 
emulsions can serve as ideal templates for generating various functional vesicles, 
liquid crystal shell, and particles with different internal structures. These double 
emulsions also have potential applications in microreactor, cell analysis and drug 
delivery. Studies have been processed in these applications. To further extend the 
application of these emulsions, it is necessary to scale up their production. This issue 
can be accomplished by operating the device in parallel. 
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